Abstract We assessed the clinical and radiographic results of 40 porous-coated acetabular cups with an Acetabular Cup System polyethylene liner over a minimum 14-year follow-up. Femoral head penetration was estimated using a software package. Fifteen cups were revised, 11 due to polyethylene liner rupture. All cups but two were radiographically stable, and 11 hips showed acetabular osteolysis. The overall femoral head penetration rate in hips without liner fracture with reference to the early penetration point was 0.1188±0.070 mm per year. Polyethylene liner fractures were associated with higher early femoral head penetration (P<0.0001) and a vertical cup position (P=0.0016). The 14-year survival without cup revision for any reason was 63.9%, 71.8% with no ACS polyethylene liner fracture and 65.3% with no acetabular osteolysis. Most cups showed a good clinical outcome in general, but major Acetabular Cup System liner failure and osteolysis were frequent. Patients with the ACS cups still in place should be monitored closely.
Introduction
Most hemispheric porous-coated titanium cups show radiographically stable fixation, but the most frequent causes of total hip prosthesis failure are polyethylene wear and osteolysis [13] .
The early cementless modular cups offered the possibility of exchanging the inserts without disturbing the metal shell. However, when the locking mechanism is inadequate, movement between the liner and the metal shell can also generate debris and favour polyethylene failure, especially in thin liners [1] , and can even produce a catastrophic failure of the acetabular component [3, 4, 12] . The design features of the Acetabular Cup System (ACS) liner, which may have increased the risk of this complication, included the thin polyethylene rim and incongruity between the liner and the metal shell [3, 12] . The early acetabular cups have all now been withdrawn from the market and redesigned by the manufacturers. As catastrophic failures of the acetabular components with an ACS liner have been well documented after short-term follow-up [3, 4, 12] , no long-term results of more than 14 years follow-up for the uncomplicated cups have been reported. This led us to assess a series of acetabular cups with an ACS polyethylene liner after 14-16 years of follow-up.
Patients and methods
Between November 1988 and April 1991, 43 consecutive cementless acetabular components with an ACS (Acetabular Cup System, DePuy, Warsaw, IN) liner were implanted by the senior author (EGC). (Three patients were lost during the follow-up period). The study group, therefore, consisted of 40 hips in 37 patients (25 women) followed for a minimum of 14 years or until cup revision or liner exchange. Their mean age at the time of the operation was 57.5±9.6 years. The activity level according to Devane et al. [8] was grade 2 in five hips, grade 3 in nine, grade 4 in 15 and grade 5 in 11.
The primary diagnosis was primary osteoarthrosis in 23 hips, avascular necrosis in 8, rheumatoid arthritis in 4, arthritis secondary to developmental dysplasia in 2, arthritis secondary to Legg-Calvé-Perthes disease in 2 and acetabular protrusion in 1. The mean average followup period was 11.5±4.1 (range, 3-16.5) years for the whole series, and 14.0±1.4 (range, 12-16.5) for hips without liner fracture.
The ACS polyethylene liner is cylindrical and thicker at the dome than at the cup face, with thinner polyethylene at the rim of the liner and a thickness ranging from 4.7 to 6.9 mm. ACS polyethylene liners were associated with two hemispherical cementless porous-coated acetabular cups made of titanium: the Tri-Lock Plus (DePuy, Warsaw, IN), which used two or three screws (16 cups), or the Profile (DePuy, Warsaw, IN), which used two antirotatory pegs to improve bone fixation (24 hips). The porous coating (Porocoat, DePuy, Warsaw, IN) of both cups is composed of pure titanium beads sintered to a solid substrate with pore size ranging from 200 to 300 μm. The diameter of the femoral heads was 28 mm in 29 hips and 32 mm in 11 hips. All the polyethylene liners were the same and were sterilized by gamma irradiation in air. All cups with an ACS liner were paired with a Profile femoral stem (DePuy, Warsaw, IN).
All operations were performed using a posterolateral approach. The acetabular cup was implanted after underreaming the acetabulum by 2 mm. Median acetabular cup size was 52 mm (range, 48 to 64 mm).
All patients were followed prospectively. Clinical results were assessed using the Merle D'Aubigné-Postel scale [20] . Standard anteroposterior radiographs of the pelvis and lateral radiographs of the hip were made immediately after the operation, at 6 weeks, at 3, 6 and 12 months, and annually thereafter for at least 14 years following the same protocol. The patient was placed in a supine position. The X-ray tube was positioned over the symphysis pubis 1 m from and perpendicular to the table, with symmetrical obturator foramena, and visible lesser trochanter and iliac crest [17] . To reduce interobserver error, measurements were made by a single author (EGR), who had not been involved in the surgery.
Cup position was assessed according to Johnston et al. [15] . The distribution of any radiolucent lines or osteolysis was recorded in the zones described by DeLee and Charnley [6] for the acetabulum and in the zones described by Gruen et al. [11] for the femur. A cup was considered to have migrated according to the Massin et al. criteria [19] . Femoral osteolysis was defined and classified according to Goetz et al. [10] .
Penetration of the prosthetic head into the polyethylene liner was measured retrospectively by a computer system with software specially designed to measure femoral head penetration into polyethylene (AutoCAD Release 14, AutoDesk Inc, Sausalito, Calif.). Anteroposterior pelvic radiographs were digitised using a scanner (Epson Expression 1680, Seiko Epson Corp., Nagano, Japan). Supine radiographs were aligned on the digitiser tablet so that the interteardrop line was parallel to the edge of the tablet. The operator then digitised three points around the circumferences of the femoral head and the acetabular shell. The computer software fitted circles to these points and determined their centres. The distance between these centers was used to calculate the amount of penetration of the femoral head into the polyethylene liner in the plane of the radiograph [18, 23] . The femoral head size was used as the internal reference. The amount of penetration on the postoperative radiograph at 6 weeks was designated as the "zero" position and was the reference for subsequent measurements [23] . Although we have not validated the method used in the current series ourselves, digitised methods have previously been validated [14, 18, 23] , and good radiographic quality is necessary to obtain accurate measurements [14, 25] . Sychterz et al. [25] reported a mean error ranging around 0.14±0.09 mm when measuring optimal radiographs, and 0.23±0.22 mm in suboptimal radiographs with a similar digitised measurement method. Despite all the radiographs being taken according to the same protocol, they were still screened for quality before inclusion in the analysis of this study. As a result of this, 128 of the 810 radiographs (15.8%) were excluded from the evaluation due to the poor radiographic quality of their images. Head penetration into the polyethylene liner was determined at annual intervals.
Statistical analysis
Kaplan-Meier survivorship analysis [16] with 95% confidence intervals was used to estimate the cumulative probability of not having cup revision for any cause, fracture of the ACS polyethylene liner, acetabular osteolysis or femoral osteolysis.
Qualitative data were compared with the use of the chisquare test or Fisher's exact test, and quantitative data were compared with using of the Student's test, the MannWhitney test, analysis of variance or the Kruskal-Wallis test, depending on the distribution of the data. Cox multivariate regression analysis was used to assess the influence of various factors on survival time until some event. The level of significance was P<0.05.
Results
Postoperative complications included early dislocation in two hips; all of these hips were treated successfully closed and were included in the follow-up study. To date, there have been no infections in any of the hips.
There were 15 cup revisions: 11 hips had polyethylene liner fracture (8 ACS-Tri-Lock Plus cups and three ACSProfile cups); 1 hip in a patient with rheumatoid arthritis showed cup loosening and pelvic discontinuity; 1 cup had stable fixation, but extensive acetabular osteolysis associated with a worn liner. All of the hips had level 4 (or less) pain in the groin and buttock before revision. There was no thigh pain in any hip. At revision surgery all cups with a liner fracture were well-fixed despite metallosis. Another two cups presented with late dislocation associated with severe wear of the 28-mm liner and required liner exchange. The Kaplan-Meier [16] cumulative probability of not having a cup revision for any reason (exchange of the cup or the polyethylene liner) was 63.9% at 14 years (95% confidence interval, 47.2%-80.6%) (Fig. 1) .
The average interval from operation to the appearance of liner fracture was 71.5±29.6 months. The cumulative probability of not having fracture of the ACS polyethylene liner at 14 years was 71.8 (57.7%-86.1%) for the whole ACS liner group, 46.9% (20.6% to 73.2) for the ACS-TriLock Plus cups and 86.1% (71.4-100%) for the ACSProfile cups (Mantel-Cox test, P=0.0002) (Fig. 2) .
Of the 40 hips that were included in the follow-up study, 3 had transitory level 4 pain in the thigh during the first 2 years after operation. The mean preoperative pain rating was 3.2 and had improved to 5.7 at the latest follow-up examination. The walking function rating increased from 3.0 to 5.6. The sum for the arc of motion improved from 3.0 (61°to 100°) to 5.1 (161°to 210°).
Except for the two cups in the same rheumatoid arthritis patient, all cups had stable fixation. Radiographic evaluation of the polyethylene liner fractures revealed a well-fixed cup and an eccentrically placed femoral head within the acetabular component. All femoral stems also had stable fixation.
There were 22 neutral cups (55%), 12 vertical cups (30%) and 6 horizontal cups (15%). The mean acetabular angle was 47.9±9.4°for the cups with an ACS polyethylene liner (52.1±10.7°for the Tri-Lock Plus and 45.0±7.3 for Profile cups) (Kruskal-Wallis test, P=0.032), the mean height of the center of the hip was 23.7±6.9 mm and the mean horizontal distance of the cup was 33.3±5.3 mm.
There were 11 hips with acetabular osteolysis. Two hips had osteolysis in only one DeLee and Charnley zone (no PE liner fractures), five in two zones (four PE liner fractures) and four in the three zones (two PE liner fractures). Osteolysis was found in six hips with a liner fracture and was a related risk factor (P=0.042, Fisher's test), with stable fixation in three hips, and with cup loosening in both hips of the same patient. The cumulative probability of not having acetabular osteolysis at 14 years was 65.3% (46.9-83.6%) (Fig. 3) . There were seven hips with proximal femoral osteolysis. Osteolysis was found in five hips with a liner fracture, while two patients with a good clinical result at the end of the follow-up evaluation also showed mild osteolysis in their hips (P=0.0108, Fisher's test). The cumulative probability of not having femoral osteolysis at 14 years was 81.3% (68.8 to 93.8%).
Polyethylene liner fractures were associated with a higher zero position (P<0.0001), the use of the Tri-Lock Plus cup (P=0.0128) and a vertical cup position (P=0.0016). Although a liner fractures were more frequently associated with smaller outer cup diameter and a 32-mm femoral head diameter, no significant differences could be found between the two groups with the number of hips available. The risk of the appearance of liner fracture (Cox multivariate regression analysis) increased with a vertical cup position (hazard risk =1.13, 95% confidence interval, 1.05-1.21; P=0.001) and a higher zero position (hazard risk =18.8, 4.24-83.3; P<0.001). Information on associated risk factors can be found in Table 1 .
The zero position was 0.6018±0.575 mm in patients with an ACS liner fracture and 0.2338±0.158 mm in patients with an unfractured ACS liner (Mann-Whitney test, P=0.009). An analysis of the mean femoral head penetration until the appearance of the first liner fracture (3 years) shows that femoral head penetration was significantly higher in the group with eventual liner fracture from as early as 6 weeks post-implant. This difference in the mean femoral head penetration became extremely marked after 1 year (P<0.0001). The mean penetration rate was higher during the first 3 years after the operation in all cups with eventual liner fracture, and the first case of liner fracture appeared (P<0.0001) (Fig. 4) . The overall penetration rate referring to zero position was 0.1188±0.070 mm per year for the hips with an unfractured ACS liner, and their mean linear femoral head penetration at the end of the follow-up evaluation was 1.13±0.44 mm (Fig. 5 ).
Discussion
Although radiographically stable fixation was found in most cups and in all femoral stems, polyethylene wear and osteolysis were the most frequent causes of total hip prosthesis failure [13] .
Manual radiographic methods for measuring polyethylene femoral head penetration are associated with substantial errors [7, 18] . Computer-assisted radiographic techniques have improved the accuracy of femoral head penetration measurements [18, 24] . These methods make it possible to determine polyethylene femoral head penetration, as long as the radiographic image clearly defines the respective borders of the cup and the femoral head. Although we have Fig. 3 Kaplan-Meier cumulative probability of not having acetabular osteolysis in the patients included in the follow-up study. The upper and lower curves represent the 95% confidence limits not personally validated the digitised method used in the current series, Sychterz et al. [25] reported a mean error ranging around 0.14±0.09 mm when measuring optimal radiographs, and 0.23±0.22 mm in suboptimal radiographs using a similar digitised measurement method. Different authors [9, 14, 24] have suggested that the two-dimensional measurements are sufficient to determine the major wear vector.
As in other series [3, 4, 12] , ACS polyethylene liner failure and fracture were frequent in the current study, and they were associated with good cup bone fixation. Hamadouche et al. [12] reported three catastrophic failures of the polyethylene liner in a series of 50 hips using a Trilock cup with a mean follow-up of 8.7 years. In all three hips, the minimum thickness of the liner was less than 5 mm. In our series, the long-term result after 10 years in the cases without liner fracture was good, and only two cups in the rheumatoid arthritis patient became loosened. In the other two cases, with a high wear rate and late dislocation, the liners were exchanged with a good clinical result. In hips without liner failure, the liner femoral head penetration rate was similar to that reported with other designs [5, 26] .
The main predisposing factor for ACS polyethylene liner fracture appears to be a thin polyethylene rim width of less than 5 mm [3, 4, 12] . In our series, polyethylene liner fractures were associated with a higher zero position and a vertical cup position. The mean femoral head penetration until the appearance of the first liner fracture (3 years) was analysed. Femoral head penetration was found to be significantly higher in the group in which the liner eventually fractured from as early as 6 weeks and was particularly marked after 1 year. Given the geometry and lip of the liner, when the liner did not sit properly within the metal shell, there was a small gap between the bottom of the liner and the shell [4] . This gap would increase stress upon and eventually deform the liner and lead to the fractures, which have been reported frequently with this design [4] . A vertical position of the cup was more frequent with the ACS-Tri-Lock Plus cups. Accelerated femoral head penetration in cups with an acetabular angle greater than 50°has been reported in cementless prostheses [3] . Vertical cups tend to be less well-covered by the polyethylene liner; the rim of the liner is closer to the line of action of the resultant force, and this may increase the resulting polyethylene stress [3, 4] . Patil et al. [22] , using finiteelement analysis, predicted increased peak contact stressess with increased acetabular angles.
Although liner fracture was more frequent in patients with a 32-mm femoral head diameter than in patients with a 28-mm femoral head diameter, with the number of available hips, femoral head size was not a risk factor for liner failure in our study. Berry et al. [3] reported only one hip with a 32-mm femoral head diameter in a series of seven ACS polyethylene liner fractures. The 32-mm femoral head is known to give worse results than 28-mm femoral heads, and is usually considered to be a risk factor for liner fracture [4] . Different series [2, 7] have reported that polyethylene failure is not directly related to head size, and they have related failure to polyethylene thickness.
Osteolysis was more frequent in hips with a liner fracture. Orishimo et al. [21] have quantified the relationship between the prevalence of osteolysis and polyethylene femoral head penetration, and recommended more frequent follow-up visits once a patient's femoral head penetration rate exceeds 0.2 mm per year in order to better assess osteolysis.
We can conclude that, although major ACS liner failure and osteolysis are frequent and are related to a greater femoral head penetration at 6 weeks and a vertical cup position, most cementless porous hemispheric cups show stable fixation, and more than two-thirds of the hips have a good clinical result 14 years after surgery with reasonable polyethylene linear wear figures. Although the acetabular cups have now all been withdrawn from the market by the manufacturers and have been redesigned, these patients should be carefully followed up to enable an easy exchange of the worn liner, if it becomes necessary, with a minimum delay in order to avoid the negative effects of particulate debris formation and osteolysis. Fig. 4 Graph showing the mean femoral head penetration during the 1st 3 years after the operation in cups with and without liner fracture before the 1st event was diagnosed (3 years) 
